IMPACT OF HEMODYNAMICS ON LUMEN BOUNDARY DISPLACEMENTS IN ABDOMINAL AORTIC ANEURYSMS BY MEANS OF DYNAMIC COMPUTED TOMOGRAPHY AND COMPUTATIONAL FLUID DYNAMICS
reconstructed for all available time frames. The AAA lumen boundary motion was successively tracked over the cardiac cycle and the lumen boundary displacement (LBD) computed for each time frame to a reference position selected at the mid-diastolic phase. The intra-aneurysm hemodynamic quantities, such as wall shear stress (WSS), were evaluated with a computational fluid dynamics (CFD) simulation performed on the reference geometry of each patient. The co-localization of LBD and WSS distributions was evaluated by means of Pearson correlation coefficient.
Results.
A clear anisotropic distribution of LBD was evidenced in both space and time. AAA lumen boundary exhibited a combination of inward-and outward-directed motions throughout the cardiac cycle and specifically at time frames close to the systolic peak. For almost all the analyzed cases a co-localization between largest outward LBD and high WSS, taken as a surrogate of flow impingement, was demonstrated supporting our hypothesis of a mechanistic relationship between anisotropic displacement and hemodynamic forces related to the impingement of the blood on the lumen boundary.
Conclusions. The assessment of AAA lumen boundary anisotropic displacements may represent a promising direction for patient risk stratification and investigation of AAA progression. Four dimensional CT and patient-specific CFD may become valuable tools in research and clinical environments for patient management and pre-surgical evaluation.
INTRODUCTION
Abdominal aortic aneurysm (AAA) is a degenerative disease of the last segment of the aorta, representing 83% of all non-cerebral aneurysms diagnosed in the United States 1,2 ; if not treated an AAA may rupture, a severe clinical event associated with high rate of mortality and morbidity.
The pathogenesis of AAA is extremely complex and not completely understood [3] [4] [5] ; in fact, aneurysm formation likely results from the interaction of multiple factors, such as smoking, hypertension and inflammation processes. In addition, local hemodynamic features, i.e.
presence of reverse flow, pressure wave propagation and reflection and wall shear stress (WSS), have been acknowledged to play a leading role in AAA development and clinical outcome 4, [6] [7] [8] [9] .
Since long researchers have struggled in the attempt to identify and elucidate the mechanisms leading to aneurysm initiation, progression and wall failure 10 . Despite many progresses, the majority of criteria proposed for risk stratification and decision making still rely on empirical measurements rather than on the analysis of biomechanical properties
11
; among these, maximum AAA diameter 12 , currently the prevalent index for the evaluation of risk of rupture, AAA expansion rate 13 , wall stiffness 14 , intraluminal thrombus thickness 15 and AAA wall peak stress 16, 17 .
In this quest for elements that could contribute to the evolution of AAA towards its rupture, a rather overlooked phenomenon is the cyclical displacements experienced by vessel wall during the cardiac cycle. Indeed, recent works have underlined the anisotropic nature of these displacements at the level of AAA; uneven aortic motions were observed at the infrarenal level 18 and significant aneurysm neck pulsatility was reported 19, 20 . Different concomitant causes could contribute to the occurrence of anisotropic displacements: complex AAA shape subjected to hydrostatic pressure changes, heterogeneity of mechanical properties of vessel wall and intraluminal thrombus, outer anatomical constraints. Another compelling hypothesis is that they may be the result of the action of the intra-aortic bulk hemodynamics, impinging on the lumen surface, which is in turn associated to the altered anatomy of the abdominal aorta including the AAA.
Thanks to advances in both biomedical imaging and computational fluid dynamic (CFD) this issue can be directly address: in vivo AAA displacements can in fact be acquired noninvasively at different instants of the cardiac cycle with dynamic-four dimensional computed tomography (4D-CT), while intra-aortic hemodynamics (velocity and WSS distributions) can be computed by means of CFD on the same patient-specific geometry 21 .
The aim of this work is to quantitatively assess the three-dimensional (3D) distributions of the displacements experienced by AAA luminal boundary over the cardiac cycle as 
MATERIALS AND METHODS

Patient recruitment
Ten patients who underwent 4D-CT as preoperative evaluation of an AAA between July Detailed imaging data, physiological parameters and outcome data were collected prospectively.
Image acquisition: scanner and protocol
The acquisitions were performed with a Somatom Definition Double Source CT (Siemens, Erlanger, Germany), before and after contrast media administration with retrospectively electrocardiographic (ECG) gated spiral acquisition. Non-ionic contrast media (Iomeron, Bracco, Milan, Italy) was used with a concentration of 400 mg/I mg, 1.5 cc pro kg and an injection speed of 3 cc/s. The temporal resolution was 85 ms and the total effective dose according with the applied protocol was 34 mSv per acquisition and per patient. Ten ECG gated series of axial images were reconstructed at every 10% of the R-R interval from the aortic arch to the common femoral arteries, allowing the retrieval of dynamic imaging of the aorta during a complete systolic-diastolic cycle.
3D model reconstruction
All image processing operations, from 3D reconstruction to post processing, were performed by means of the Vascular Modeling Toolkit, VMTK 22 . For each dataset and for all the ten time frames the 3D surface model of the lumen surface of the aorta from the thoracic segment to the first tract of the common iliac arteries was reconstructed using a gradient-driven level set technique 23 . The main side branches (celiac trunk, superior mesenteric artery, right and left renal arteries) were also included in the model. The 7 th time frame corresponding to the mid-diastolic phase was selected as the reference one over the cardiac cycle for all subsequent analysis. For each subject, ten 3D triangulated surface models were then available to describe the location of the lumen boundary throughout the cardiac cycle.
Vascular geometric characterization
For each reference time frame a series of operations were performed to quantitatively characterize the geometry of the vascular segment at hand and to automatically identify the portion of the network hosting the AAA, namely the segment comprised between the origin of the renal arteries and the common iliac bifurcations 24 , Figure 1a ,b. Additionally, an automated separation of the lumen surface of the AAA in posterior and anterior sectors was performed by means of the bifurcation reference system 24 computed at the iliac bifurcation, Figure 1c . To this end, the bifurcation plane normal vector was computed and parallel transported along the centerline, an operation that allows a vector system to follow centerline curvature without introducing additional torsion 24 . The line delineating the separation between anterior and posterior areas was hence identified on the AAA 3D surface, Figure 1d .
Lumen boundary motion tracking
To quantitatively evaluate the movement of the AAA lumen surface throughout the cardiac cycle, at each time frame the displacement of each point of the current 3D surface with respect to the 7 th one was computed. Reference and current surfaces were first rigidly registered by means of the ICP algorithm 25 to disregard pure rigid motion. Successively, for each point on the current surface, the closest triangle on the reference surface was identified and the point displacement calculated as its Euclidean distance to the triangle. Finally, nine maps of displacements, hereafter indicated as lumen boundary displacements (LBD), were available for each patient. Positive (negative) values of displacement indicate an outward (inward) motion of the lumen boundary with respect to the mid-diastolic location (Fig. 2 ).
Numerical simulations
Once the geometry of the specific patient was reconstructed at the reference time frame, the surface model was turned into a volumetric mesh of linear tetrahedra (in the range 1.1-2.2 millions of elements) in view of unsteady CFD simulations performed using the finite element code LifeV 26 . Blood was considered as a Newtonian, homogeneous and incompressible fluid, so that the Navier-Stokes equations were used for its mathematical description 21 . Blood viscosity was set equal to 0.035 Poise, density equal to 1.0 (g/cm 3 ) 21 , and time step equal to 0.02s. Given the small magnitude of the observed displacements and the fact that flow impingement patterns are not expected to critically depend on perturbations of the boundary, rigid walls were adopted. At the inlet, the physiological flow rate Q(t), chosen as representative of the physiological inflow (Fig. 3) , was prescribed through a Lagrange multipliers approach 23, 27 . For each of the mesenteric and renal branches, we prescribed a flow rate equal to Q(t)/20 (with the assumption of flat profile), so that 4/5 Q(t) is the flow rate ultimately entering the AAA. At the two iliac outlets a zero-stress condition was prescribed, since the region of interest was far from them. No turbulence models were adopted, since transitional flow is supposed to be absent in the abdominal aorta 28 . In order to allow a comparison between displacement maps and hemodynamics features, WSS (used as surrogate of flow impingement) maps were computed at the ten instants over the cycle.
Relationship between lumen boundary displacements and wall shear stress
To compare vector fields defined on the AAA surface, namely LBD and WSS, computational techniques to patch and flatten 3D surfaces were applied 29 . In order to focus on the behavior of the lumen boundary in correspondence of the aneurysm, the beginning of the most upstream location of the aneurysmatic dilatation was identified by monitoring wall thickening, presence of thrombus or enlargement of aortic diameter. Firstly, contiguous rectangular regions were automatically defined on the 3D model and the quantities of interest averaged over the new domains. Secondly, the surface was "opened" at the line separating the anterior-posterior sectors ( Figure 1d ) and flattened on a parametric rectangular space (Figure 1e ). The flattened maps were obtained for all patient at each time frame, so that WSS and LBD were compared over these specific areas. In addition, a smoothing operation was performed on the rectangular maps by means of a Gaussian filter to remove spurious high frequencies in LBD and WSS, while retaining their global features.
Finally, Pearson's correlation index 30 between the two rectangular maps was calculated for each time frame and for each patient to quantify the co-localization of LBD and WSS.
RESULTS
Data of the population
The median age of the population was 72 years. Eight patients were male (80%) and 2 female 
Relation between lumen surface displacement and fluid dynamics
For each patient the 3D surfaces for all time frames were successfully reconstructed, the AAA portion isolated and the line separating the anterior/posterior sectors identified. The nine LBD and WSS maps were computed and their flattened versions obtained.
We observed that for all the analyzed cases the largest displacements occurred close to the systolic peak (3 rd , 4 th ,5 th frame), while they globally faded away in the mid and late diastolic phases. Figure 4 depicts the LBD maps of the first patient for all the time frames, while The percentages of AAA surface area moving in the outward or inward direction with respect to the reference time frame were evaluated at all frames. A spike in the percentage of outer directed lumen boundary area was evidenced around the systolic peak with an average value of 67 ± 12% of the total AAA lumen boundary area (range between 25 -82%); it decreased to 43 ± 11% (range 19 -63%) during the late diastolic phase. The average percentage of AAA boundary lumen boundary moving in the inward direction was assessed at 35 ± 15%
close to the systolic peak (range 18 -84%) and increased during the diastolic phase to 57 ± 12% (range 36 -81%). Notably, in all the analyzed cases and throughout the first half of the cardiac cycle the AAA lumen boundary exhibited a somewhat surprising combination of inward and outward motions, where the latter were however prevalent. This trend vanished for most cases in the second part of the cardiac cycle.
The analysis of the displacement values was then separately performed for areas undergoing outward and inward motion. For all the patients the largest displacements occurred at time frames close to the systolic peak in both inward and outward directions (Table 1 ). In only one case (patient 10) the displacement remained always below the in-plane image spacing (0.48 x 0.48 mm). In absolute terms, the outward displacement exceeded the inward one for all the analyzed cases except one (patient 6). When the 3 rd , 4 th and 5 th frames were considered, the maximum outward LBD ranged between 0.55 and 1.40 mm (mean 0.75 ± 0.29 mm), and the maximum inward LBD ranged between 0.35 and 1.87 mm (mean 0.59 ± 0.35 mm). In all cases, both inward and outward displacement values at the systolic peak decidedly decreased during the mid and late diastolic phases, often below the image resolution.
WSS (Fig 4-7) exhibited similar distribution patterns: during the systolic phase areas of intense stresses alternated over the AAA lumen boundary with zones of rather mild friction, though we observed a strong dependence on the specific shape of the AAA sac at hand. A quantitative analysis of the co-localization of LBD and WSS was performed computing the Pearson correlation coefficient between the maps values. Table 2 reports the index for each case at each frame. A relative increase in the correlation index is visible close to the systolic peak for all the cases except patient 6 (Fig. 6 ). The increase is particularly evident for cases 1, 
DISCUSSION
The mechanisms that lead to AAA development, progression and rupture are still unclear and most probably implicate a number of factors from family history, vascular wall biology and hemodynamic features 4, 6, 32 . Several indices have been proposed for the classification of aneurysms depending on their likelihood to rupture, but most of them fail to account for the phenomena occurring at the vascular wall and for the specificity of the patient 10, 11, [13] [14] [15] [16] .
The focus of this work was the assessment and quantification of anisotropic displacements experienced by AAA lumen boundary throughout the cardiac cycle. 4D-CT acquisitions have been employed to evaluate aneurysmal lumen boundary motion, while specific hemodynamic features have been investigated as a potential explanation for such displacements by means of CFD simulations in the specific patient anatomy.
The importance of wall motion due to the pulsatile nature of the blood flow has been considered in some recent work [18] [19] [20] and, consistently, emphasis has been placed on the necessity of performing dynamic imaging of AAA instead of traditional static acquisition in order to account for these phenomena 31 . In these works 18-20 the authors measured anisotropic wall motions at several locations along the infrarenal segment but mostly on 2D images.
Instead, in the present study we focused on obtaining a complete 3D description of the displacements of the AAA and its parent vasculature throughout the cardiac cycle by means of 4D-CT imaging. To the authors' knowledge this is the first attempt to use this methodology to study lumen boundary displacement quantitatively in vivo.
By means of this technique, we assessed the presence of anisotropic displacements of the AAA lumen boundary. In all analyzed cases but one, at the systolic peak considerable portions of the lumen boundary, usually of the anterior sector, were found to move outward with respect to the reference position, while others to move in inward. Such strong anisotropy progressively vanished in the remaining parts of the cycle. The presence of strongly heterogeneous in space and time LBD may potentially affect the biomechanics of AAA, in terms of distribution and magnitude of strains and stresses, influence biological processes such as wall remodeling, and ultimately determine the evolution of AAA towards rupture.
The concurrent presence of outward and inward displacements at systole is an interesting observation by itself. In the classical view, vascular structures are supposed to expand and relax concentrically respectively at systole and diastole, due to the effect of hydrostatic pressure. Our results demonstrated that this is not necessarily the case, and that AAA displacement is probably caused, or at least contributed by, hemodynamic forces related to the impingement of the blood on the lumen boundary. Indeed, hydrostatic pressure alone, even in combination with complex geometry, would hardly be sufficient to explain this phenomenon: during systole the impingement of the jet on the AAA lumen boundary determines outward motion of the impacted area, while other regions not subjected to such dynamic pressure "accommodated" the resulting displacement with opposite inward motion.
During diastole, the less energetic flow reorganizes within the AAA volume, no specific trend or correlation is noticeable and the displacement magnitude significantly decreases.
The co-localization between large LBD and high WSS was not equally evident in all the cases. This is not surprising, since a high correlation is expected only for those cases where flow impingement occurs on the sac due to the specific morphology of the abdominal aorta, whilst it is expected to be absent when the blood flow is aligned with the vessel wall and the impingement occurs directly at the iliac bifurcation. This is strongly patient dependent, since it is the proximal aorta geometry and the sac morphology that eventually determine the presence of an impingement region and, according to our hypothesis, of an AAA lumen boundary anisotropic motion (Fig. 8) . This makes the assessment of anisotropic boundary displacements and of high viscous forces on the sac a potentially informative tool to evaluate the status of a specific AAA and, at the same time, it makes the specific morphology of the abdominal aorta a potential predictor of the actual biomechanical environment.
The present study was not aimed at determining a cause-effect relationship between displacements and rupture, but at documenting the existence of cyclic anisotropic displacements and at suggesting a direct physical explanation for their occurrence. To this end, some limitations of this study should be mentioned. For the CFD simulations, a rigid wall hypothesis was adopted, instead of performing a fluid-structure interaction analysis. This choice was made since we were interested in localizing the regions of the sac surface where the WSS was higher, not in determining its precise value. For this reason, we believe that the rigid wall assumption is acceptable for our aims, and it simplifies the analysis remarkably.
The presence of the intraluminal thrombus was not considered in this work. While acknowledging its importance for a proper description of the mechanical environment, the goal of the present study was to verify the impact of the bulk flow on the lumen boundary,
i.e. on the interface in direct contact with the blood.
CONCLUSIONS
The assessment of AAA sac cyclical displacements and their anisotropy may represent a promising direction for patient risk stratification and prediction of AAA evolution. As new means of investigation such 4D-CT and patient-specific CFD become widely available, such evaluations may play a role in research and clinical environments for patient management, pre-surgical evaluation and follow-up planning.
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